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In many metazoans, final adult size depends on the
growth rate and the duration of the growth period,
two parameters influenced by nutritional cues. We
demonstrate that, in Drosophila, nutrition modifies
the timing of development by acting on the protho-
racic gland (PG), which secretes the molting hor-
mone ecdysone. When activity of the Target of
Rapamycin (TOR), a core component of the nutri-
ent-responsive pathway, is reduced in the PG, the
ecdysone peak that marks the end of larval develop-
ment is abrogated. This extends the duration of
growth and increases animal size. Conversely, the
developmental delay caused by nutritional restriction
is reversed by activating TOR solely in PG cells.
Finally, nutrition acts on the PG during a restricted
time window near the end of larval development
that coincides with the commitment to pupariation.
In conclusion, the PG uses TOR signaling to couple
nutritional input with ecdysone production and de-
velopmental timing.
INTRODUCTION
Body size is an important trait that determines the fitness of a par-
ticular species in a given environment. It is subjected to strong
evolutionary pressure, as well as high adaptative response to en-
vironmental conditions (Stearns, 2000). Genetics constitutes
a major input in the determination of body shape and size, and
studies on limb development in vertebrates and imaginal discs
in invertebrates have highlighted the importance of short-range
signaling molecules in patterning growing fields of cells and in-
trinsically controlling organ/tissue growth (Day and Lawrence,
2000). Superimposed to this genetic control, organisms have
developed adaptative responses allowing for modulation of the
size of individuals according to environmental cues, among
which nutrition plays a major role. Animals live in environments
in which food abundance varies with time, and they resist starva-
tion by utilization of internal stores and reallocation of re-
sources, but also by modifying their growth program (Wang
et al., 2006).
In many species, molecules of the insulin/IGF family set the
growth rate and allow for the coupling between nutrition and
growth. Drosophila has a conserved insulin/IGF system (IIS)
with seven insulin-like peptides called DILPs (Brogiolo et al.,568 Developmental Cell 15, 568–577, October 14, 2008 ª2008 Elsev2001; Geminard et al., 2006; Rulifson et al., 2002; Shingleton
et al., 2005). The DILPs activate a unique insulin receptor (InR)
and a conserved signal transduction cascade, leading to sys-
temic growth activation. Coupled with insulin receptor signaling,
theTarget ofRapamycin (TOR) pathwayconstitutes a specialized
regulatory module coordinating cell growth with its local nutri-
tional environment (Oldham et al., 2000; Zhang et al., 2000). As-
sociated in the TORC1 complex with its partners Raptor, GbL/
Lst8, and PRAS40, the TOR kinase is activated by the availability
of amino acids, ATP, and oxygen. Therefore, TORC1 constitutes
the node of a cell-based nutrient-responding pathway. In paral-
lel, TOR associates with Rictor, GbL/Lst8, and Sin1 to form a dis-
tinctmolecular complex called TORC2, whose function has been
involved in actin architecture (for recent reviews on TOR signal-
ing, see Wullschleger et al., 2006; Dann and Thomas, 2006;
Guertin and Sabatini, 2007). In mammalian cells, several molec-
ular connections have been identified between the TOR com-
plexes and IIS, allowing the cells to couple extracellular factor-
controlled growth with local nutritional response (Dan et al.,
2002; Harrington et al., 2004; Manning et al., 2002; Potter
et al., 2002; Radimerski et al., 2002a; Sarbassov et al., 2005).
Nevertheless, recent genetic evidence in Drosophila indicates
that, in normal physiological conditions, some of these cross-
talks are not required for tissue growth, suggesting that TOR
and IIS pathways have retained distinct cellular functions
(Dong and Pan, 2004; Hietakangas and Cohen, 2007; Radimer-
ski et al., 2002b).
The duration of the growth period is also an important param-
eter that determines the extent of animal growth. In many verte-
brates, juvenile growth ends with a surge of steroid hormone
production. Developmental defects affecting the timing of this
hormonal control have important consequences on individual
growth, as observed in human cases of hypogonadism in which
puberty is prolonged and, if not treated with steroid substitutes,
can lead to abnormally tall adult stature (Drop et al., 2001). In ho-
lometabolous insects such as Drosophila, pulses of the steroid
hormone ecdysone fix the timing of developmental transitions
(Riddiford, 1993). Work in large insects has established that
reaching a size threshold at the end of the last larval instar in-
duces a drop in Juvenile Hormone (JH) titer, which, in turn, allows
for a sudden increase in prothoracicotropic hormone (PTTH),
followed by the induction of ecdysone production and the tran-
sition into pupal development (Nijhout, 2003). These events
mark the end of larval growth and determine the mass and size
of the future adult, as pupae will not receive any additional nutri-
tional input. This hormonal cascade has not been fully demon-
strated in Drosophila, but there is ample genetic evidence that
ecdysone and its receptor (a heterodimer of Ecdysone Receptorier Inc.
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quired for the larval/pupal transition (Riddiford et al., 2000). Lar-
val ecdysone is produced in the prothoracic gland (PG), which
constitutes the composite ring gland together with the corpora
allata (CA) and the corpora cardiaca (CC). Its production involves
a complex series of modification of cholesterol molecules pre-
senting conserved features with the synthesis of vertebrate ste-
roid hormones (Gilbert et al., 2002). Recent work in Drosophila
has established the regulation of ecdysone production by IIS
and Ras/Raf signaling in vivo (Caldwell et al., 2005; Colombani
et al., 2005; Mirth et al., 2005). Changing IIS in the PG modifies
basal ecdysone levels, which, in turn, changes larval growth
rate, suggesting that, in addition to controlling developmental
transitions, ecdysone participates more directly in the regulation
of animal growth. Modification of Ras signaling in the PG impairs
developmental timing through a modification of ecdysone accu-
mulation at the end of larval development (Caldwell et al., 2005).
This recalls previous studies on Manduca sexta reporting the
role of theMAP kinasesMek and Erk in transducing the response
to the PTTH in PG cells (Rybczynski et al., 2001), and confirms
in vivo that MAP kinases are involved in ecdysone production
by the Drosophila PG. Recent work has identified the Drosophila
gene encoding PTTH (McBrayer et al., 2007). Interestingly,
animals devoid of PTTH show prolonged larval development
and reach a larger adult size. This indicates that, in Drosophila
as in other insects, PTTH is required for the proper timing of
ecdysone production at the end of larval development,
and that a perturbation of this timing has important conse-
quences on target size. Intracellular molecular mechanisms
regulating ecdysone biosynthesis in response to PTTH are
still poorly understood and await genetic investigation in this
system.
In previous work, we had shown that a specialized Drosophila
larval tissue called the fat body (FB) uses the TOR pathway to
control larval growth rate according to nutritional conditions via
remote control of IIS in all tissues (Colombani et al., 2003). There-
fore, by using TOR signaling locally, this endocrine tissue can
relay the nutritional information and globally control the speed
of larval growth.
We now demonstrate that the Drosophila PG is an important
relay in the control of developmental timing according to nutri-
tional input. We first confirm that nutrition directly influences
the duration of larval development in Drosophila. We then genet-
ically modify the activity of the TOR pathway in the PG and dem-
onstrate that it links nutritional inputs to ecdysone production,
therefore controlling the duration of larval development and, as
a consequence, adult final size.
RESULTS
Tight Mechanisms Couple Developmental Timing
with Nutrition
In a first series of experiments, flies were raised on different me-
dia with varying proportions of yeast powder, the main source of
amino acids and lipids in fly food, and the duration of larval
growth wasmonitored. A strong negative correlation is observed
between the yeast content in the food and the time to attain the
wandering stage in the second half of the third larval instar, indi-
cating that the mechanisms that set the duration of developmentDevelopare subject to regulation by nutrition (Figure 1A). Interestingly, the
variations in developmental time inversely follow the richness of
the food at all points, up to a limit passed which increasing food
richness ceases to have an effect. Therefore, themachinery cou-
pling food with development time involves a signaling mecha-
nism that is maximally activated passed a given nutritional value
(see below).
TOR Signaling in the PG Controls the Timing
of Larval Development
The inverse correlation between food availability and the dura-
tion of larval development prompted us to test the possibility
that the larval PG is the site of a sensor mechanism allowing
for direct coupling between nutritional information and ecdysone
production. For this purpose, we tested the effect of modulating
the levels of activation of the TOR pathway in the PG on develop-
mental timing. Activity of the TOR kinase responds to various nu-
tritional inputs, such as the concentration of amino acids, the
intracellular ATP/AMP balance, or the level of oxygen. Increased
expression of the negative regulators TSC1 and TSC2 is suffi-
cient in many systems, including Drosophila, to suppress
TORC1-mediated cell growth and mimic a state of nutrient dep-
rivation (Gao et al., 2002; Huang andManning, 2008; Potter et al.,
2001; Tapon et al., 2001; Tee et al., 2002). We therefore used the
Gal4/UAS system to direct expression of TSC1/2 specifically in
the ring gland, by using the P0206-Gal4 driver that expresses
Gal4 in the PG and the CA. As expected, downregulation of
TOR activity led to tissue-autonomous growth reduction in the
PG and the CA, the extent of which could bemodulated by acting
on the level of Gal4 transactivation with temperature (18C ver-
sus 25C) (Figure 1B). Size reduction of the PG was comparable
to the one obtained after mild inhibition of PI3K by using a dom-
inant-negative construct (PI3KDN) (Figure 1B). At the organismal
level, TOR inhibition in the PG and the CA had a pronounced
effect on larval growth and increased adult weight by 25%
(Figure 1C). No effects were observed after induction of TSC1/
2 in the CA only by using the August21-Gal4 line, therefore sug-
gesting that the effects observed with P0206-Gal4 are specific
for the PG (see Figures S1A and S1B available online). To rein-
force this argument, we also used the phantom-Gal4 (phm-
Gal4) line, which promotes strong Gal4 expression in the PG
only. When crossed with UAS-TSC1/2, this provoked an early
inhibition of the L2/L3 molt, suggesting that a severe inhibition
of TOR signaling can affect earlier larval transitions (not shown).
Importantly, developmental delays and overgrowth similar to
those seen in P0206 > TSC1/2 animals were observed after
induction of RNAi targeting TOR, Raptor, or eIF4E (an indirect
downstream target of TOR/Raptor activity) in the ring gland,
establishing the role of TORC1 signaling in this regulation
(Figure S1C).
A detailed analysis of the overgrowth phenotypes obtained
upon TORC1 inhibition revealed that whereas the larval growth
rate was unchanged, larval development was prolonged by
30 hr on average (Figures 1D and 1E). These findings overall
indicate that TORC1 inhibition in the PG specifically causes an
extension of larval development without affecting animal growth
rate, suggesting that the PG is the site of a nutrition sensor
mechanism that uses TORC1 to control larval developmental
timing.mental Cell 15, 568–577, October 14, 2008 ª2008 Elsevier Inc. 569
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Larval Developmental Timing without Changing the Larval Growth
Rate
(A) The duration of larval development is linked to nutritional conditions: flies
were raised on food medium containing different concentrations of yeast ex-
tract (from 03 to 43, compared to the 13 used as standard medium, see Ex-
perimental Procedures), and the duration of development to the wandering
stage was monitored (T50 values, indicating times at which half of the larval
population entered the wandering stage, are presented and are expressed
in days after egg deposition [AED] at 25C).
(B) Ring glands expressing the TSC1/2 complex by using the P0206-Gal4
driver show tissue-autonomous growth. The extent of Gal4 transactivation
and growth inhibition increases with temperature. Representative ring glands
were dissected at 190 hr AED (18C) or 96 hr AED (25C), and control tissue is
shown from animals raised at the same temperature. The effect of PI3K inhibi-
tion is shown for comparison (P0206 > PI3KDN).
(C) Final adult mass is increased by 25% in P0206 > TSC1/2 flies compared to
P0206 > controls at the two respective temperatures. Weights are shown as
a percentage of that of controls at 18C and 25C respectively. The effect of
PI3K inhibition (P0206 > PI3KDN) is shown for comparison. Standard errors
are indicated; **p < 0.01.
(D) The growth rate of P0206 > TSC1/2 larvae is not affected relative to that of
P0206 > controls.P0206 > PI3KDN is shown for comparison. Experiments were
carried out at 25C.570 Developmental Cell 15, 568–577, October 14, 2008 ª2008 ElsevTOR Signaling in the PG Is Required for the Proper
Increase of Ecdysone Levels at the Larval/Pupal
Transition
The rapid accumulation of ecdysone at the end of larval devel-
opment is required for proper larval/pupal transition. Therefore,
the delayed entry into pupal development observed in P0206 >
TSC1/2 larvae could be explained by a perturbation of ecdy-
sone accumulation at this stage. To test this possibility, we
measured the transcriptional rate of E74B, a direct target of
EcR, as a readout for ecdysone signaling levels. Control larvae
presented a steep increase in E74B transcription at the end of
larval development, reflecting the surge of ecdysone levels at
that period (Figure 2A). By contrast, no accumulation of E74B
was observed in P0206 > TSC1/2 larvae at the normal time of
pupariation (dotted line, 120 hr after egg deposition [AED]); in-
stead, the transcription rate of E74B only slowly increased to in-
termediate levels during the prolonged third larval instar
(Figure 2A). We also observed a significant delay in the tran-
scriptional induction of two genes involved in ecdysone biosyn-
thesis, phantom (phm) and disembodied (dib) (Figure 2A)
(Chavez et al., 2000; Warren et al., 2004; Parvy et al., 2005).
These results suggest that the transcriptional activation of
phm and dib, which is required for the surge of ecdysone pro-
duction, depends on the level of TOR signaling in PG cells, and
that the reduction of TOR signaling in this tissue impedes ecdy-
sone production. Indeed, we were able to efficiently rescue the
developmental delay and growth increase induced in P0206 >
TSC1/2 animals by feeding larvae with 20-hydroxyecdysone
(20E, the active form of ecdysone). This suggested that the pro-
duction of ecdysone, not the response to the hormone, is the
source of delay in our experimental conditions (Figures 2B
and 2C).
Remarkably, despite moderate levels of ecdysone signaling,
most P0206 > TSC1/2 larvae still progressed to the larval/pupal
transition. This suggests that maximal EcR signaling levels are
not required for the pupal molt, and that cumulative effects of
prolonged exposure to moderate levels of hormone could be
sufficient. Yet, individuals in the P0206 > TSC1/2 population
pupariate over a longer period of time compared to control
animals, suggesting that high levels of ecdysone allow for
proper synchronization of this key developmental transition
(Figure S1D).
We had previously shown that InR/PI3K signaling modulates
the production of basal levels of ecdysone, without modification
of the ecdysone peak at the end of larval development. The con-
sequence of this regulation is a modulation of animal growth rate
with no alteration of the developmental timing (Figures 1C–1E)
(Colombani et al., 2005). Therefore, although closely related, it
appears that the hormone-mediated activation of InR/PI3K
signaling and the nutrient-mediated activation of TOR signaling
participate in distinct physiological regulations of ecdysone pro-
duction in PG cells.
(E) The total duration of larval development is altered in P0206 > TSC1/2
animals, with pupariation occurring with a 30 hr delay as compared to control
animals (P0206 >). L1/L2 and L2/L3 transitions are not modified. No delay is
observed upon PI3K inhibition (P0206 > PI3KDN). Experiments were carried
out at 25C; standard errors of the mean are presented (P0206 >: n = 100;
P0206 > PI3KDN: n = 104; P0206 > TSC1/2: n = 90).ier Inc.
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Depends on the Levels of TOR Signaling in the PG
Targeted reduction of TOR signaling in the PG is sufficient to
modify larval developmental timing through delayed ecdysone
production. The next question we addressed was whether the
TOR-dependent control of ecdysone production operating in
the PG is used in vivo to control the duration of larval develop-
ment under conditions of food deprivation. To test this possibil-
ity, we raised larvae on reduced (0.33) yeastmedium, a condition
that delays the larval/pupal transition by 2 days in our control
strain (P0206 > w, 29C) (Figure 3A). We then tested whether
a specific increase of TOR activity in PG cells of animals raised
on limited food is sufficient to restore normal developmental
timing. Indeed, PG-directed expression of dRheb, an upstream
activator of TORC1, or of an inducible RNAi targeting TSC2, re-
duced the developmental delay by 50%, producing animals with
even greater weight reduction than that seen in control larvae
raised on 0.33 food (Figures 3A and 3B). Despite low food,
Rheb-overexpressing larvae presented a 4- to 5-fold induction
of E74B, phm, and dib expression as compared to control ani-
mals taken at the same time, indicating that TORC1 activation
in these animals is sufficient to restore ecdysone biosynthesis
and EcR activity levels (Figure 3C). When used as a specificity
control, targeted expression of two other growth activators,
cyclinD/Cdk4 and dMyc, did not shorten the developmental de-
lay induced by food restriction (not shown), indicating that the
nutrition sensor signal in the PG is specifically acted upon by
the TORC1 pathway. Interestingly, dRheb expression or TSC2
Figure 2. The Sharp Increase in Ecdysone
Signaling at the End of L3 Is Delayed upon
TOR Inhibition in the Prothoracic Gland
(A) The time course of E74B, phm, and dib tran-
scription was assessed by quantitative RT-PCR
on total larvae. Whereas transcription of the three
genes peaks around 120 hr AED in control larvae,
it is dramatically lower at the same time point in
P0206 > TSC1/2 animals and only starts rising
with a 24–30 hr delay. The gray, dotted line marks
the 120 hr developmental time, corresponding to
pupariation in P0206 >w controls. Standard errors
are shown from three independent experiments.
(B and C) Feeding animals with a 20-hydroxyecdy-
sone (20E) complement is sufficient to partially
rescue the developmental delay and the size in-
crease observed inP0206 > TSC1/2 larvae. Exper-
iments were carried out at 25C. The increased
delay observed in controls (+48 hr) compared to
animals shown in Figure 1E (+30 hr) is due to the
presence of ethanol (EtOH), the solvent for 20E,
in the medium. Standard errors of the mean are
presented for developmental times (P0206 >:
n = 38; P0206 > TSC1/2: n = 21; P0206 > TSC1/
2 +20E: n = 17), and standard errors are presented
for adult weights (*p = 0.0138).
knockdown in the PG of fed animals had
no effect (Figures 3A and 3B). This result
is consistent with our initial observation
that, past an upper threshold, nutrition
has no further influence on developmen-
tal timing (see Figure 1A), and it indicates that, under normal
food conditions, the level of TORC1 activation in the PG is not
limiting.
Overall, these results establish that the TORC1 pathway is
used in the ring gland to couple the duration of larval develop-
ment with nutritional information.
The PTTH-Producing Cells Upstream of the PG Do Not
Respond to a Genetically Induced Nutritional Stress
Recently, the Drosophila gene encoding PTTH has been identi-
fied and demonstrated to be required for proper production of
ecdysone at the larval/pupal transition (McBrayer et al., 2007).
We explored the possibility that the PTTH-producing neurons re-
spond to changes in nutritional status, therefore setting an addi-
tional control of the developmental timing by nutrition. For this
purpose, we first observed the expression of the PTTH gene in
the larval brain of normally fed and fasted animals. TheDrosoph-
ila PTTH gene is expressed in two pairs of neurons located in the
lateral protocerebrum that project their axons on the PG. In situ
labeling data show that PTTH gene expression increases during
late larval development (120 hr AED). No change in expression
levels could be observed in animals raised on limited food
(0.33), suggesting little or no regulation of PTTH expression by
nutrition (Figure 4A). No change in PTTH expression was ob-
served in P0206 > TSC1/2 larvae, indicating that the inability to
accumulate large quantities of ecdysone in these animals is
not due to a shut down of PTTH gene expression. We next ap-
plied a genetically induced nutritional stress directly on theDevelopmental Cell 15, 568–577, October 14, 2008 ª2008 Elsevier Inc. 571
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Effects of Fasting on the Duration of Larval Development
(A) When animals are raised on non-limited food (13), activation of TOR signal-
ing in the prothoracic gland (PG) by using either Rheb overexpression or TSC2
knockdown (P0206 > RhebAV4 or P0206 > TSC2i) has no effect on larval devel-
opmental timing. In conditions of reduced food (0.33), the duration of larval
development increases, and this delay can be partially rescued by PG-
directed TOR activation by using either P0206 > RhebAV4 or P0206 > TSC2i.
(P0206 > 1x: n = 35; P0206 > RhebAV4 13: n = 32; P0206 > 0.33: n = 29;
P0206 > RhebAV4 0.33: n = 19; P0206 > 13: n = 42; P0206 > TSC2i 13: n =
40; P0206 > 0.33: n = 48; P0206 > TSC2i 0.33: n = 41).
(B) Rheb expression in the PG has no effect on adult mass when animals are
raised on non-limited food (13). On 0.33medium, PG-specific TOR activation
leads to a further 10% reduction in mass compared to control animals.572 Developmental Cell 15, 568–577, October 14, 2008 ª2008 ElsevPTTH-producing neurons and looked for developmental timing
defects. For this purpose, we expressed TSC1/2 by using the
Feb211 line, an enhancer trap line that expresses Gal4 in the
four PTTH-producing cells (Siegmund and Korge, 2001) (Figures
S2A and S2B). Inhibition of TOR in the PTTH-producing neurons
induced strong cell-autonomous size reduction (not shown), but
did not affect the duration of larval development, leading to nor-
mal sized adults (Figure 4B). This suggests that the TOR pathway
is not used in the PTTH-expressing neurons for coupling energy
balance with PTTH production and ecdysone biosynthesis.
Therefore, the main sensor for nutrition that regulates develop-
mental timing through ecdysone production appears to reside
in the PG cells.
The Temporal Features of the TOR-Dependent Sensor
in the PG Match the Physiological Response
to Starvation
Previous experiments in Drosophila have identified a physiologi-
cal transition that takes place in the first half of the third larval in-
star, after which larvae are committed to enter the pupal stage
with normal timing, even when subjected to food deprivation
(Beadle et al., 1938; Robertson, 1963). If the nutrition sensor in
the PG is physiologically relevant, its temporal control should fol-
low the temporal features of the nutrition/starvation response
acting during development. We thus studied the temporal regu-
lation of the TOR-dependent sensor in the PG by using a genetic
thermosensitive system. To do this, TSC1/2 expression was
controlled both spatially and temporally by using the P0206-
Gal4 driver and a temperature-sensitive form of the Gal4 inhibi-
tor, Gal80ts. Using this combination at the permissive tempera-
ture (25C),Gal80ts blockedGal4 transactivation, the TSC genes
were not expressed, and TOR was active (we nevertheless
observe a short developmental delay resulting from the partial
inactivation of Gal80ts at 25C) (Figure 5A). When shifted to the
restrictive temperature (29C) early in development, Gal80ts
was inactivated, Gal4 transactivated TSC1 and TSC2 in the
PG, and TOR was inhibited, resulting in a 24 hr delay at puparia-
tion (Figure 5A). We then carried out up and down temperature-
shift experiments at various times during larval development,
andwe observed that animals responded to PG-specific TOR in-
hibition only within a time window between 72 and 87 hr AED
(Figure 5B). This period of development coincides with the time
at which animals become committed to the pupal stage once
they have reached a minimum ‘‘critical size’’ (Edgar, 2006; Mirth
and Riddiford, 2007; Nijhout, 2003; Shingleton et al., 2005,
2007). Our results indicate that, at the time animals reach the
size threshold that commits them to pupariate, a nutrition-
dependent signal involving TOR activity in the PG is required to
determine the time to pupariation.
Experiments were performed at 25C in the case of TSC2i and 29C in the
case ofRhebAV4. Standard errors of themean are presented for developmental
times, and standard errors are presented for adult weights; **p < 0.01.
(C) The transcription rates of E74B, phm, and dib are strongly increased upon
ring gland-specific Rheb overexpression under conditions of limited food
(0.33). Transcription rates are measured by quantitative RT-PCR on whole lar-
vae at a developmental time corresponding to early wandering for P0206 >
RhebAV4. Fold changes are shown relative to P0206 > w controls. Standard
errors are shown from four independent experiments (29C).ier Inc.
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The TORpathway is described in all eukaryotic systems as a crit-
ical cellular regulator of energy balance. Our present results
point to the utilization of TORC1 in a specific endocrine tissue,
the PG, in order to adapt the duration of larval development ac-
cording to nutritional input. We had previously shown that the
same molecular pathway operates in the FB (a functional equiv-
Figure 4. PTTHNeurons DoNot Respond to Changes in TORActivity
Levels
(A) In situ hybridization on larval brains shows PTTH expression in two pairs of
neurosecretory cells in each brain hemisphere, increasing during the second
half of the third larval instar (120 hr). No obvious change in expression is ob-
served in P0206 > TSC1/2 larvae, nor under limited food conditions (0.33).
(B) TOR inhibition (TSC1/2 expression) in the PTTH cells by using the Feb211-
Gal4 driver has no effect on final adult weight. Standard errors are presented.Developalent of vertebrate liver and white fat) to control growth rate,
another key parameter in the determination of adult size (Colom-
bani et al., 2003). Therefore, the TOR pathway takes a central
Figure 5. Temporal Parameters of TOR Inactivation in the Protho-
racic Gland
(A) At 25C, tubGal80ts;P0206 > TSC1/2 larvae develop with close to normal
timing (a 6 hr delay is observed, due to the leakiness of the Gal80ts system).
When shifted to the restrictive temperature (29C), TSC1 and TSC2 are ex-
pressed and the larvae present a 24 hr developmental delay compared to
P0206 > TSC1/2 control flies. Standard errors of the mean are presented.
For 25C experiments: Ctrl: n = 100; > TSC1/2: n = 90; tubGal80ts; > TSC1/2:
n = 35. For 29C experiments: Ctrl: n = 35; > TSC1/2: n = 35; tubGal80ts; >
TSC1/2: n = 33.
(B) Temperature shift-up (red triangles) and shift-down (blue triangles) experi-
ments were carried out at different developmental time points (24, 62, 72, 80,
and 96 hr AED) with the tubGal80ts;P0206 > TSC1/2 strain. The P0206 >
TSC1/2 strain was used as an internal control. Residual TSC1/2 protein accu-
mulated in the prothoracic gland may explain the slight delay observed at 62
and 72 hr in shift-down experiments. Control animals are subjected to identical
temperature-shift programs.mental Cell 15, 568–577, October 14, 2008 ª2008 Elsevier Inc. 573
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regulations that determine final animal size.
Our previous experiments showed that insulin/IGF signaling
controls basal levels of ecdysone synthesis in the PG (Colombani
et al., 2005). This, in turn, controls the larval growth rate without
modifying the duration of larval growth. These data contrast with
our present observations on the role of TOR signaling in the PG
and indicate that PG cells discriminate between hormone-medi-
ated activation of InR/PI3K signaling and the nutrient-mediated
activation of TOR signaling for the control of ecdysone biosyn-
thesis. Can TOR and InR/PI3K signaling pathways function sep-
arately in Drosophila tissues? It has been established both in
cultured cells and in vivo that a gain of function for InR/PI3K al-
lows for TORC1 activation through inhibition of TSC2 via direct
phosphorylation by AKT/PKB (Dan et al., 2002; Manning et al.,
2002; Potter et al., 2002). Such crosstalk between the InR and
TOR signaling pathways has important functional implications
in cancer cells in which inactivation of the PTEN tumor
suppressor leads to an important increase in AKT activity (Huang
and Manning, 2008). Nevertheless, the physiological signifi-
cance of the crosstalk between AKT and TSC2 has been chal-
lenged by genetic experiments in Drosophila (Dong and Pan,
2004; Radimerski et al., 2002b), leading to the notion that, in
the context of specific tissues, TOR and insulin/IGF signaling
can be part of distinct physiological regulations for the control
of animal growth in vivo. Although we did not observe it in stan-
dard conditions, strong InR/PI3K activation in the ring gland
shortens larval developmental timing under conditions of food
limitation (S.L. and P.L., unpublished data; Mirth et al., 2005).
In the light of our present data, this suggests that, in low-food
conditions, providing high PI3K activity in PG cells allows for
full activation of TOR through the AKT/PKB-mediated inhibitory
phosphorylation of TSC2, thus modulating developmental tim-
ing. Inversely, a severe downregulation of InR/PI3K signaling in
the PG extends larval timing by preventing early larval molts
(Mirth et al., 2005). However, we have observed that strong inhi-
bition of the lnR pathway compromises the growth of PG cells,
therefore interfering with their capacity to produce normal levels
of ecdysone for molting (S.L. and P.L., unpublished data). Over-
all, previous works as well as our present work highlight the im-
portance of studying signaling networks in the specific contexts
(tissue, development) in which these pathways normally operate.
This also illustrates that onlymild manipulations of these intricate
pathways are suitable to unravel the regulatory mechanisms that
normally occur within the physiological range of their activities. In
conclusion, we propose that IIS and TOR provide two separate
inputs on PG-dependent ecdysone production: IIS controls
baseline ecdysone levels during larval life, and TOR acts upon
ecdysone peaks in response to PTTH at the end of larval devel-
opment.
Important literature describes intrinsic mechanisms control-
ling a growth threshold for pupariation in insects (Edgar, 2006;
Mirth and Riddiford, 2007; Nijhout, 2003; Shingleton et al.,
2005, 2007). After a critical size is attained, the hormonal cas-
cade leading to ecdysone production initiates, and larvae are
committed to pupal development, even when subjected to
complete starvation (Beadle et al., 1938). Recent findings in
Drosophila by using temperature-sensitive mutants for dInR
have revealed that reducing the larval growth rate before the crit-574 Developmental Cell 15, 568–577, October 14, 2008 ª2008 Elsevical size is attained postpones the attainment of this threshold,
but has no effect on the final size. Conversely, reducing animals’
growth rate after the critical size has been attained leads to
strong reduction of the final size (Shingleton et al., 2005). This
highlights an important period in the determination of final size,
called the terminal growth period (TGP, also called interval to
cessation of growth), which spans from the attainment of critical
size to the cessation of growth (Edgar, 2006; Shingleton et al.,
2007). Due to its exponential rate, growth during that period
makes an important contribution to the determination of final
size (Figure 6). Interestingly, the duration of the TGP is not af-
fected by general IIS, which explains why reduction of IIS during
that period leads to short adults (Shingleton et al., 2005). Our
present data suggest that the duration of the TGP is an important
parameter in the determination of final size that is controlled by
TOR. By reducing the level of TOR activity specifically in the
Figure 6. A Model for the Control of Developmental Timing by
Nutrition and TOR Signaling
Under conditions of abundant food, the attainment of a critical size triggers
a hormonal cascade that commits the larvae to pupariation and cessation of
growth. The interval between the time to critical size and the cessation of
growth, called the terminal growth period (TGP) (Shingleton et al., 2007), is
marked by an intense increase in body mass. When food is limited, a TOR-
dependent nutrition sensor in the fat body downregulates the general insulin/
IGF system, therefore reducing animal’s growth rate (Colombani et al., 2003).
Larvae take longer to reach the critical size, which is not modified by nutrition
(De Moed et al., 1999). This extends the larval development time before the
TGP. Concomitantly, low-food conditions reduce TOR signaling in the protho-
racic gland, therefore silencing the response to PTTH and the activation of
ecdysone production. As a consequence, the duration of the TGP is increased,
allowinganimals to reacha subnormal adult size throughcompensatorygrowth.ier Inc.
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mitment to pupariation (Figures S3A and S3B). Therefore, the
time to attainment of the critical size is not changed. Our obser-
vation of the developmental transitions in P0206 > TSC1/2 larvae
indicate that, indeed, the timing of L1/L2 and L2/L3 molts are not
modified. By contrast, the L3/pupa transition is severely delayed,
indicating that the interval between attainment of critical size and
the termination of growth, i.e., the TGP, is increased. Interest-
ingly, activation of TOR in the PG of fasting larvae leads to a sen-
sible (50%) reduction of the developmental delay induced by low
nutrients, whereas it has no effect in normally fed animals. This
indicates that the regulation of the TGP by TOR plays an impor-
tant role in the adaptation mechanisms controlling the duration
of larval development under conditions of reduced dietary in-
take. Other mechanisms, such as the delay to attainment of
the critical size due to a reduced growth rate, also contribute
to timing of larval development, giving a plausible explanation
for the fact that PG-specific TOR activation only partially rescues
the increase in larval development timing observed under low-
nutrient conditions (see Figures 3A and 6). Despite their charac-
terization in different insect systems, the mechanisms determin-
ing the critical size remain to be elucidated. Our present study
shows that inhibition of TOR signaling in the PG does not modify
theminimum size for pupariation (Figures S2C and S2D). This re-
sult is in line with previous findings indicating that nutritional con-
ditions do not modify the critical size in Drosophila (De Moed
et al., 1999). Interestingly, animals depleted of PTTH present
an important shift in critical size (McBrayer et al., 2007), indicat-
ing that PTTH might participate in setting this parameter. There-
fore, mechanisms determining the critical sizemight reside in the
generation or the reception of the PTTH signal, upstream of TOR
function in the cascade of events leading to ecdysone produc-
tion.
What is the limiting step that is controlled by the TOR sensor
during the process of ecdysone production? Our results ob-
tained by genetic analysis in vivo are reminiscent of in vitro
work on dissected PG in the M. sexta model. In these previous
studies, PTTH-induced ecdysone production in the PG was
shown to induce the phosphorylation of ribosomal protein S6
and was inhibited by the drug rapamycin, later identified as the
specific inhibitor of TOR kinase (Song and Gilbert, 1994, 1995).
Interestingly, rapamycin treatment blocked PTTH-induced, but
not db-cAMP-induced, ecdysone production, indicating that
the drug does not act by simply inhibiting general protein trans-
lation in PG cells, but, rather, by inhibiting a specific step control-
ling PTTH-dependent ecdysone production. More recently,
many studiesmostly carried out on large insects have started un-
raveling the response to PTTH in the PG, leading to ecdysone
synthesis. No bona fide PTTH receptor is identified yet, and
the previously identified response to PTTH is a rise in cAMP,
leading to a cascade of activation of kinases, including PKA,
MAPKs, PKC, and S6-kinase (Gilbert et al., 2002; Rybczynski,
2005; Rybczynski and Gilbert, 2006). S6-kinase-dependent S6
phosphorylation is currently being considered as a possible bot-
tle-neck in the activation of ecdysone biosynthesis by PTTH. Our
present genetic analysis of ecdysone production in theDrosoph-
ila PG now introduces the TOR pathway, the main activator of
S6-kinase (Radimerski et al., 2002b; Zhang et al., 2000), as
a key controller of ecdysone production and therefore providesDevelopa plausible explanation for the rise of S6-kinase in PG cells fol-
lowing PTTH induction. The phenotypes obtained after TOR inhi-
bition in the PG are remarkably similar to the phenotype obtained
after ablation of the PTTH neurons (McBrayer et al., 2007). More-
over, we show here that PTTH expression is not altered upon
starvation, and that TOR inhibition in PTTH cells has no effect
on the duration of larval development, suggesting that PTTH pro-
duction is not modified by a nutritional stress. Taken together,
these data suggest a model whereby limited nutrients induce
a downregulation of TOR signaling in the PG, abolish the capac-
ity of PG cells to respond to PTTH and produce ecdysone, and
lead to an extension of the terminal growth period.
In conclusion, our study illustrates how the TOR pathway can
be used in a specific endocrine organ to control a limiting step in
the biosynthesis of a hormone in order to couple important phys-
iological regulations with environmental factors such as nutrition.
EXPERIMENTAL PROCEDURES
Fly Stocks and Constructs
P0206-Gal4 (Colombani et al., 2005); Aug21-Gal4; Feb211-Gal4 (Siegmund
and Korge, 2001); tub-Gal80ts (Bloomington Stock Center); UAS-TSC1;
UAS-TSC2 (UAS-TSC1/2) (Tapon et al., 2001); RhebAV4 (a P[UASGal4] insertion
allowing for Gal4-dependent expression of the rheb locus) (Patel et al., 2003);
and UAS TSC2i, UAS-TORi, UAS-RAPTORi, and UAS-eIF4Ei (all four lines
from the Vienna Drosophila RNAi Stock Center) were used in this study. Ani-
mals were reared on fly food containing, per liter (13 recipe), 10 g agar, 83 g
corn flour, 60 g white sugar, 17 g inactivated yeast extract, and 3.75 g Moldex
M (in ethanol). Fly food containing either an increased or reduced amount of
yeast extract was also used (43, 23, 0.53, 0.33, 0.23, or 0.13 the amount
used for the 13 recipe). No yeast paste was added in the fly tubes.
Growth Rate Analysis, 20E Treatment, and Critical Weight
Measurements
Larvae from different genotypes were synchronized at eclosion (24 hr AED),
cultured under controlled conditions, and collected from the culture medium.
Digital images were captured, and larval volume was measured by using the
formula 4/3p(L/2)(l/2)2 (L, length; l, diameter). Weight measurements of adult
flies were performed as described byMeyer et al. (2000). Averages of triplicate
experiments are presented. For 20E treatments, synchronized larvae were
transferred into yeast paste supplemented with 0.75 mg/ml 20-hydroxyecdy-
sone (Sigma) every day until pupariation. Critical weights were determined as
described by Mirth et al. (2005).
Temperature-Shift Experiments
Conditional expression of TSC1/2 was carried out by using Gal80ts in the
tub-Gal80ts/P0206; UAS-TSC1/2 line. Larvae were either raised at 25C
(Gal80ts permissive temperature) or at 29C (restrictive temperature). At differ-
ent stages during larval development (indicated), larvae were shifted to the
opposite temperature, and the appearance of the wandering stage was mon-
itored. For all time points, larvae of different genotypes were raised with the
same temperature-shift program. In shift-down experiments, the time scale
at 29C was converted to the time scale at 25C to take into account the ac-
celeration of development.
Immunohistochemistry on Larval Tissues
Tissueswere treated as described by Colombani et al. (2005). In situ hybridiza-
tion experiments were performed as described by Layalle et al. (2005).
Anti-GFP antibody was used at 1/200 (Roche), and anti-DIG antibodies were
revealed by using the Red Alkaline Phosphatase Substrate Kit (Vector).
Quantitative RT-PCR
Real-time RT-PCR was performed as described by Colombani et al. (2005) on
an ABI Prism 7000 system. Actin 5Cwas chosen as a reference. In time-course
experiments, the 48 hr AED time point was used as a normalizer.mental Cell 15, 568–577, October 14, 2008 ª2008 Elsevier Inc. 575
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Standard errors (SE) are indicated for measurements of adult weight and pupal
volume and for quantitative RT-PCR experiments. Standard errors of themean
(SEMs) are indicated for the measurement of developmental timing. P values
are calculated by using two-tailed Student’s t tests.
SUPPLEMENTAL DATA
Supplemental Data include three figures and can be found with this
article online at http://www.developmentalcell.com/supplemental/
S1534-5807(08)00327-4.
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